C02 production by blastocysts cultured from the eight-cell stage in Brinster's medium was compared with that of uterine blastocysts recovered from females 3\ m=1/ 2\ days p.c. 
INTRODUCTION
Potentially, the culture of pre-implantation mouse embryos (see Mintz, 1967 , for a review of techniques) offers a valuable tool for the study of early develop¬ ment. In order to apply the results of experiments in vitro to the situation in vivo, however, one must know how closely cultured embryos resemble normal embryos. Although the cultured blastocyst looks like the uterine blastocyst, there is evidence that normal morphology does not guarantee normal develop¬ mental potential on transfer, either to ectopie sites (Billington, Graham & McLaren, 1968) , or to the uterus of foster-mothers (Bowman & McLaren, 1970) . In the uterus, developmental failure of cultured blastocysts occurred both before and after implantation, and foetal weight was reduced.
An attempt was therefore made to achieve a direct comparison of the metabolic activities of cultured and uterine embryos. Critical metabolic developments occur between the eight-cell and the blastocyst stages. With the onset of cavitation, the rate of protein synthesis accelerates (Greenwald & Everett, 1959; Weitlauf & Greenwald, 1967) and protein content rises (Brinster, 1967b) . The pattern of enzyme activity alters (Brinster, 1965b (Brinster, , 1966a to favour respiration by way of the Embden-Meyerhof pathway and the tricarboxylic acid cycle. Studies on inhibitors of carbohydrate metabolism (Thomson, 1967) and of protein and nucleic acid synthesis (Thomson & Biggers, 1966) have indicated that the embryo utilizes the same metabolic pathways in vitro as in vivo. The accelerated metabolic activity of the blastocyst in vivo is reflected in its oxygen consumption (Mills & Brinster, 1967) and carbon dioxide output (Brinster, 1967a) . In the present study, C02 production was used to compare the metabolic activity of mouse blastocysts cultured from the eight-cell stage in a variety of media with that of blastocysts recovered from the uteri of female mice 3% days post coitum {p.c.).
We have also compared the ability of trophoblast from cultured and uterine blastocysts to attach and show outgrowth in vitro. During cavitation, the embryo differentiates into two cell populations, the trophoblast and the inner cell mass, which are histochemically Mulnard, 1965) and functionally distinct. In vivo, the trophoblast invades the uterine epithelium after loss of the zona. In vitro, the fate of the trophoblast depends on the com¬ ponents of the medium in which it is suspended and on the surface available to it. Blastocysts cultured from the two-cell stage show trophoblast out¬ growth on the walls of a millipore diffusion chamber in the peritoneal cavity (Bryson, 1964) , on glass in a complex medium containing serum (Cole & Paul, 1965) , and on glass or plastic in Eagle's basal medium supplemented with foetal calf serum (Gwatkin, 1966a, b) . Trophoblast outgrowth in vitro is considered to be analogous to trophoblast invasion in vivo (Bryson, 1964; Gwatkin, 1966a, b (Brinster, 1965a ) and 3 mg/ml albumin (Bowman & McLaren, 1970) . The eight-cell embryos were transferred immediately to drops of medium under liquid paraffin (see Brinster, 1963) which had been equilibrated to pH 7-2. Gwatkin (1966a, b (Brinster, 1967a) The tubes were placed in low-background liquid-scintillation vials along with empty decapitated 2-ml ampoules. The vials were sealed with rubber stoppers, gassed with 5% C02 in air, and incubated at 36°C. After 4 hr, the embryos were killed and the C02 liberated from the medium by injection of 0-1 ml standard M/20-potassium hydrogen phthalate buffer (pH 4-0) into the tubes through the rubber stoppers. Hyamine hydroxide (1 ml) was similarly injected into the empty ampoules to absorb the 14C02. The stoppers were removed 24 hr later, the test-tubes discarded, and 10 ml of standard PPO-POPOP-toluene scintillation fluid mixed with the 14CO 2-labelled hyamine in the ampoules. 
RESULTS
Carbon dioxide production of blastocysts developing from the eight-cell stage in vitro, in the B-l medium, was compared on a number of occasions with that of control blastocysts recovered from the uteri of females 3\ days p.c. The results are given in Table 2 .
The most striking feature of the data is the significantly higher level of variation between experiments in CO 2 output of cultured as compared with control blastocysts (for Exps. 1 to 10, F = 10-0, < 0-01). On some occasions, the cultured blastocysts produced significantly less C02 than the controls; on others, there was no difference. In Experiment 12, which cannot be compared directly with the other experiments since a different source of radioactive glucose was used, the cultured and control groups were very similar, both in mean C02 output and in variance. Evidently, the conditions of culture varied and were not always able to support metabolic activity at the level in vivo.
In an attempt to increase CO 2 production of blastocysts cultured from the eight-cell stage, the medium was modified by adding 1% foetal calf serum (B-l + serum), or by substituting glucose for lactate and pyruvate as an energy source (B-2). As can be seen from Table 3 , both modifications depressed C02 output, though not significantly.
The three media (B-l, B-l + serum, B-2) proved equally successful in sup¬ porting development of eight-cell embryos to the blastocyst stage (Table 4) the surface of the Petri dish within 48 hr. Outgrowth of the trophoblast, on the other hand, was almost entirely restricted to blastocysts cultured in the twomedia containing serum. Blastocysts derived by culturing eight-cell embryos in B-l were also transferred for 24 hr to media containing serum. In Eagle's medium + serum, which was the only medium extensively tested, the blasto¬ cysts grown in culture showed a significantly lower percentage, both of attach¬ ment and of trophoblast outgrowth, than did uterine blastocysts {P < 0-01 for each criterion).
We also examined the CO 2 output of blastocysts maintained for 24 hr either in B-l alone, or in those media (B-l + serum, Eagle's medium + serum) which (8) 4-41 (10) 8-61 (6) 8-00 (7) 8-50 (7) 4-51 (11) 5-33 (12) 6-38 (11) 3-99 (15) 5-37 (13) 
DISCUSSION
Carbon dioxide production as an indication of the effect of culture When cultured blastocysts which were morphologically normal were com¬ pared with uterine blastocysts in respect of their capacity to give rise to viable foetuses after transfer to foster mothers, all batches of cultured blastocysts proved inferior to the control blastocysts (Bowman & McLaren, 1970) . By contrast, our studies on C02 production, carried out over the same period of time with medium from the same pool as that used by Bowman & McLaren, detected some batches of cultured blastocysts which differed very little from uterine blastocysts, and others in which C02 production was well below the control level. The mean level of the metabolic activity of the cultured blasto¬ cysts was significantly lower than that of the uterine blastocysts.
Thus, although C02 output is a more sensitive tool than morphology for detecting the deleterious effect of culture, normal C02 production at the blastocyst stage does not guarantee that subsequent development will be normal.
Effect of culture medium on CO 2 output Most of the embryos cultured from the eight-cell to the blastocyst stage in the present study were grown in a medium with a lactate-pyruvate energy source. By the eight-cell stage, the embryo is capable of metabolizing glucose (Whitten, 1956 (Whitten, , 1957 Of the three media most extensively used in studies of pre-implantation development (Mintz, 1964; Mulnard, 1965; Brinster, 1965a) , two contain serum. In a preliminary experiment (unpublished), Bowman The inability of cultured embryos to be stimulated by foetal calf serum until after cavitation is reminiscent of the inability of 2 ¿-day embryos to implant in a 3 ¿-day uterus (McLaren & Michie, 1956; Noyes, Dickmann, Doyle & Gates, 1963) . The change in blastocyst metabolism which alters the response to serum must occur during cavitation in vitro.
Carbon dioxide production, trophoblast outgrowth and implantation
To bring about implantation, the mouse blastocyst interacts with the uterus in two apparently independent ways (McLaren, 1968a): (1) it sets off the decidual cell reaction by releasing its metabolic products in the vicinity of the uterine epithelium; (2) its trophoblast cells invade the uterine epithelium. The first signs of the decidual cell reaction and trophoblast invasion occur within a few hours of each other, both in normal implantation (Finn & McLaren, 1967) and in delayed implantation (McLaren, 1968b) .
The present study suggests that a certain threshold level of metabolic activity (of which C02 production may be regarded as one index) is necessary, both for the induction of the decidual cell response and for trophoblast invasion. In a normal pregnancy, this threshold level of activation has probably been reached by the time cavitation is completed. At the blastocyst stage, exothermic metabolic pathways are opened, resulting in the output of markedly increased amounts of the by-products of metabolism, among them C02 (Brinster, 1967a) . A preliminary experiment (Menke & McLaren, unpublished) has shown that in the 10 hr before the onset of implantation, indicated by localized Pontamine Blue uptake, there is no further sharp rise in blastocyst metabolic activity. If the hormonal state of the uterus makes it receptive, the concentra¬ tion of metabolic by-products in the vicinity of the embryo may be sufficient to induce the decidual cell reaction.
The outgrowth of trophoblast from blastocysts in vitro, which may be regarded as analogous to trophoblast invasion in utero (Bryson, 1964) Our results differ from those of Gwatkin in that our blastocysts showed attachment (though not outgrowth) in B-l alone. This may have been due to the higher concentration of albumin in our B-l, or to the fact that the blasto¬ cysts cavitated in vivo rather than in vitro. The lower percentage of attachment among our cultured blastocysts and the failure of some embryos to progress beyond the attachment phase under conditions optimal for outgrowth (Table  5 ) parallel the results of egg transfer studies (Bowman & McLaren, 1970) , in which cultured embryos suffered increased mortality both before and immedi¬ ately after implantation.
Blastocysts in implantation delay, whether during lactation or after ovari¬ ectomy, resemble cultured blastocysts in that their C02 output is generally lower than that of 3¿-day uterine blastocysts in normal pregnancy (Menke & McLaren, 1970) . Blastocysts in delay lie within 1 µ of the uterine epithelium without initiating the decidual cell response or invading the endometrium (McLaren, 1968b; Martin, Finn & Carter, 1970) . Gwatkin (1966b) observed that blastocysts prevented from implanting by ovariectomy early in pregnancy showed trophoblast outgrowth in culture only in medium supplemented by serum, i.e. where metabolic activation is likely to occur, and took longer to outgrow than did blastocysts cultured from the two-cell stage.
Metabolic activation of the blastocyst must be brought about by some factor (s) external to the embryo, since it does not occur in vitro in the absence of serum. The stimulus for activation in vivo presumably comes from the oestrogen-sensitized uterus. On the basis of his studies on blastocyst attachment and outgrowth, Gwatkin (1966b) suggested that implantation might be con¬ trolled by the free amino acid content of the uterine fluid.
